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Abstract: The main aim of this study is to optimize an axial flux eddy current damper to be used in a specific
aviation application. Eddy current dampers are more advantageous compared to conventional mechanical dampers as
they are maintenance-free due to contactless structure and have higher reliability, which is very desirable in aerospace
applications. An initial eddy current brake prototype is manufactured and the test results are used to verify the 3-D
finite element simulations. The effect of temperature on the brake performance is investigated. Finally, a multiobjective
genetic algorithm optimization is applied to find the optimum pole number and geometric dimensions of the eddy current
brake in order to achieve the desired torque-speed characteristic while the total weight of the brake is minimized. It is
found that the mass and volume of the initial prototype can be halved by implementing this optimization algorithm.
Key words: Axial flux, permanent magnet, eddy current brake, multiobjective design optimization, finite element,
weight minimization

1. Introduction
Permanent magnet eddy current brakes are widely used in a variety of applications thanks to their simple
structure, ability to operate with no need for an external electrical supply, and no need for maintenance
because of their contactless structure [1]. Eddy current brakes are commonly used as retarders in automotive
applications. The design and analysis of an eddy current brake to be used in high speed railway trains was
proposed by Ryoo et al. in [2], in which a constant torque control algorithm was presented. Using an eddy
current braking system as an energy harvester was discussed in [3], in which kinetic energy is transferred from
a rotating conductive wheel to a kinetic energy harvester.
In an eddy current brake, the required magnetic field can be created using either permanent magnets or
electrically excited windings. Although it is possible to control the braking torque accurately in an electrically
excited brake, need for an extra power supply is the main disadvantage of this type of eddy current brakes. A
combination of these two was proposed to be implemented in a hybrid eddy current brake in [4], which takes
advantages of both eddy current brake types at the same time with elimination of need for the external supply
using a regenerative braking system and good torque control capability.
Both analytical methods and finite element analysis (FEA) can be utilized in modeling eddy current
brakes. An analytical method was developed to calculate braking torque-speed characteristics of an eddy current
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brake with a quasi-Halbach permanent magnet array in [5]. In [6], a 3-D analytical model was developed in
order to predict the flux density distribution, eddy currents, and braking torque in an axial flux eddy current
brake. Magnetic scalar potential and magnetic field strength formulations were implemented in developing
the analytical model. The Maxwell stress tensor method was also used in computing the braking torque. By
comparing analytical results with 3-D FEM simulations results and measurements, the capability of the proposed
analytical method in accurate prediction of torque-speed characteristics of eddy current brake was provided.
In some papers, an analytical model is modified by comparing analytical results with measurements and
finite element (FE) simulations. An approximate analytical model was developed in [7] to calculate the braking
torque of an eddy current brake, which was modified using experimental results. FE methods are considered
to be accurate, but time-consuming. On the other hand, analytical modeling of the eddy current phenomenon
includes some degrees of complexity and developing an accurate analytical model is a difficult task. However, the
FE model can be significantly simplified and the computation time can be effectively reduced using a symmetric
and parametric model of the brake.
There are a few papers in the literature investigating effects of variations in geometric dimensions of
eddy current brakes on the torque-speed characteristics. A parametric study using 3-D FEA was carried out
in [8] to investigate the effects of the material properties and some geometric parameters on torque-speed
characteristics of axial flux eddy current brakes. Variations in disk area and thickness, air gap length, and
disk conductivity and permeability were taken into account in carrying out this parametric study. However,
the effect of changing pole numbers was not considered in this study. In [9], a two-dimensional analytical
method was described to minimize the braking distance using particle swarm optimization (PSO). Core window
dimensions and current density value were determined in such a way that braking distance was minimized.
Effects of implementing different rotor materials on torque-speed characteristics of a radial high speed eddy
current brake were investigated in [10]. Homogeneous rotors, rotors with copper coating, and slitted rotors were
analyzed and their effects on torque-speed characteristics of the brake were discussed. Again, effect of variations
in pole number was not taken into account in these papers. Multi-objective optimization techniques can be
implemented in dealing with problems with more than one target functions. Several optimization targets can
be achieved simultaneously using these the optimization methods. Detailed discussions on using multiobjective
optimizations with evolutionary optimization algorithms can be found in [11] and [12].
Multiobjective design optimization of an axial flux eddy current brake to be used in a specific aviation
application is the main aim of this paper. Permanent magnets are utilized to create the required magnetic
field. A symmetric parametric model of the eddy current brake is created in a 3-D FE environment. The
model is verified by comparing simulation results with measurements. Finally, an optimization is carried out
to determine the optimum number of poles and the optimum geometric dimensions of the eddy current brake
to get a predefined torque-speed characteristic while total weight of the brake is minimized. Because the eddy
current brake is designed to be used in aerospace applications, minimization of its total weight is very desirable.
The optimized eddy current brake is then simulated using 3-D FE analysis to verify the findings.
2. Initial eddy current brake prototype
Axial flux type eddy current brakes are usually preferred due to their simple structure. In this type of eddy
current brakes, stationary permanent magnets are placed on the stationary iron back core, which provides the
required flux return-path as shown in Figure 1a [13]. A rotating copper (or aluminum) disk is placed between two
sets of stationary magnets (see Figure 1b), in which eddy currents are induced due to the rotational motion. The
999
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distribution of eddy currents on a rotating copper disk of a 10-pole eddy current brake is depicted in Figure 2.
The higher magnitude of the induced currents is shown by red color in this figure. It can be observed that
the amplitude of the eddy currents is larger under the magnets (because of the higher magnetic flux density
under the magnets). The distribution of the magnetic flux density on the rotating copper disk is also given in
Figure 3. Magnetic flux density is larger under the magnets, as expected. The position of the magnets can be
easily distinguished in this figure. Figure 4 represents the distribution of the magnetic flux density on all parts
of the eddy current brake. Note that in order to show the flux density distribution inside the eddy current
brake, one side of the back-core has not been shown in the figure. The magnetic field created by the circulating
current opposes the magnetic field produced by the magnets and a drag force is created that is proportional
to the rotational speed. In other words, the kinetic energy is dissipated as heat due to the resistance of the
rotating disk [14].
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Figure 1. Eddy current brake structure: a) side view, b) exploded view (shaft is not shown).

If developing an accurate and simple analytical model of the system is possible, the optimization can
be done using the analytical model and then the optimized model can be verified using FE-based software.
However, developing analytical equations to have an accurate 3-dimensional model of the eddy currents is quite
complicated. Moreover, because of the simple mechanical structure of the eddy current brake, the 3-D FE
model of the brake can be solved in a very short time (around 20 s) using FE-based software. Hence, combining
the MATLAB optimization toolbox with a simplified symmetric per pole 3-D FE model of the brake can lead
to more accurate solutions while having a reasonable computation time. Therefore, 3-D FE simulations are
used in this paper to calculate the performance of the eddy current brake accurately. A brief description of
analytical modeling of the brake is given here. The first step in analytical calculation of the braking torque
produced by the eddy current brake is determination of the spatial magnetic flux density distribution in the
system. Poisson’s equation can be used to calculate the magnetic vector potential (A) in each region. Poisson’s
equation is given in Eq. (1).
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Figure 2. Induced eddy currents on the rotating copper
disk.

Figure 3. Magnetic flux density distribution on the rotating copper disk.
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Figure 4. Flux density distribution in magnets, copper disk, and back-core of the eddy current brake.

∇2 A = −µJ

(1)

Once the magnetic vector potential is calculated in each area, the magnetic flux density (B) distribution can be
determined using Eq. (2).
∇×A=B

(2)

Finally, using the Maxwell tensor equation, the braking force and consequently the braking torque can be
calculated. Using both radial and tangential components of the magnetic flux density in each area, the braking
force ( Fb ) can be calculated using Eq. (3).
1
Fb =
µ0

I
Br Bt dS

(3)

At the end, the braking torque can be determined.
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An axial-flux PM eddy current brake for an avionic application is designed and manufactured as shown in
Figure 5. The eddy current brake designed in this paper is used as a mechanical damper/haptic feedback for the
helicopter joystick control. Conventional systems use centrifugal force-based mechanical dampers, but the eddy
current dampers are superior to the mechanical systems due to the maintenance-free and wear-free nature of
the electromagnetic system. This initial prototype, which is slightly overdesigned, is used as a verification tool
in FE simulations that will be presented in the next section. The copper disk and all 10-pole magnets located at
one side of the disk can be seen in Figure 5. The main dimensions and specifications of the initial prototype are
summarized in Table 1, which are also depicted in Figure 1a. NdFeB (N42) is used as the permanent magnet
material. For the back iron regions, steel 1008 is utilized and a copper alloy with resistivity of 1.68e-8 Ωm at
20 ◦ C is used.

Figure 5. Axial flux PM eddy current brake prototype.

Table 1. Main dimensions of the prototype.

Copper disk diameter
Copper disk thickness
Steel diameter
Steel thickness
Cylinder outer diameter
Cylinder inner diameter
Cylinder height
Air-gap clearance
Magnet dimensions
Number of poles

34 mm
1 mm
47 mm
1.5 mm
47 mm
44 mm
8 mm
0.5 mm
3 × 3 × 6 mm
10

Braking torque characteristics of the prototype are measured using the test setup shown in Figure 6a and
with the schematic shown in Figure 6b. The eddy current brake is tested at different speeds ( ω ) using a Maxon
brushed DC motor. The rotational speed is accurately measured using a 1024 pulses/rev rotational encoder
coupled to the DC motor. In order to increase the torque measurement accuracy, the stator of the eddy current
brake is connected to a strain gauge with a torque-arm. The strain gauge (ESIT-SPA-C3) has a rated force
range of 30 N, minimum measurement of 0.06 N, and measurement error of ±0.006%.
The measured torque-speed characteristic of the eddy current brake is shown in Figure 7. A 3-D FE
model is developed to calculate the performance characteristics of the prototype. The utilized package to solve
1002
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Figure 6. Test setup: a) photo, b) schematic representation.

the 3-D FE problem is the Maxwell (ANSYS) program. Using the transient solver in the Maxwell software it
is possible to directly calculate the braking torque exerted on the rotating copper disk. Meshing of the model
is automatically done by the software. The torque-speed characteristics obtained from the simulations are
compared with the experimental results in the same figure. It can be seen from the figure that the measurements
and FE simulations results are in good agreement, except for rotational speed of 1800 rpm. The results are
compared in Table 2.
It can be seen from the table that the maximum error occurs at 1800 rpm. This error can be explained
based on the copper disk temperature’s rise due to eddy current losses. The experiments are done by continuous
increment of rotational speed from stand-still to full-speed, which resulted in a temperature increase. This leads
to increase in copper resistivity, and, consequently, braking torque magnitude is reduced. It is worth mentioning
that the eddy current brake is expected to operate in a wide temperature range between –30 ◦ C and 80 ◦ C
due to aviation standards. In order to investigate the effect of temperature variation on eddy current brake
performance, the prototype is simulated using 3-D FEM at three different operating temperatures. Thorough
discussions on variation of copper electrical resistivity versus temperature can be found in [15, 16]. At each
temperature, the resistivity of the copper is adjusted accordingly. The FE simulations are carried out by using
the copper resistivity at three temperatures: –30 ◦ C, 20 ◦ C, and 80 ◦ C. It has to be added that the effect of
temperature variation on magnets and steel characteristics is negligible, which is not taken into account in the
simulations. The developed braking torques are plotted versus speed for three different temperatures, which
can be seen in Figure 8. It is observed that there is an approximately 34% reduction in braking torque as the
temperature increases from –30 ◦ C to 80 ◦ C. This phenomenon can be used to explain the difference between
the simulation results and experimental results at 1800 rpm. Although no thermal model is built in this study,
5 W of dissipation is expected in such a small enclosed volume without any air-flow to increase the temperature
of the copper disk to 80 ◦ C.
In the initial eddy current brake, all magnets on each steel disk have the same magnetization direction.
Thus, the flux path is completed using a cylindrical steel core connecting two back-core sections existing at
both sides of the eddy current brake, shown in Figure 1a. It is possible to eliminate the cylindrical steel section
of the brake by changing magnetization directions of the magnets. In other words, magnets again are placed
on steel disks, but in N-S-N-S configuration, the need for the cylindrical steel part that is used to provide a
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Table 2. Comparison of measured and simulated torque-speed characteristics of the prototype.

Frequency
(Hz)
0
10.4
15.1
20.8
25.2
30

Speed
(rpm)
0
624
906
1248
1512
1800

Measured torque
(mNm)
0
10.9
14.1
18.3
22.5
24.7

Measured power
(W)
0
0.71
1.34
2.39
3.56
4.66

25

35

3-D FEM

30

20
15
10
5
0
0

Simulated power
(W)
0
0.65
1.28
2.59
3.72
5.37

Error
(%)
0
–8.3
–4.3
8.1
4.4
15.4

40
measurements
Torque (m N.m.)

Torque (m N.m.)

30

Simulated torque
(m N.m.)
0
10
13.5
19.8
23.5
28.5

measurements
3-D FEM (-30 °C)
3-D FEM (20 °C)
3-D FEM (80 °C)

25
20
15
10
5

200

Figure 7.
prototype.

400

600

0
0

800 1000 1200 1400 1600 1800 2000
speed (rpm)

Braking torque-speed characteristics of the

200

400

600
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speed (rpm)

Figure 8. Torque-speed characteristics of the initial eddy
current brake at three different temperatures.

flux path in the initial eddy current brake is eliminated. Note that in designing electromechanical systems for
aerospace applications, weight minimization is crucial. Therefore, it is aimed to simulate the modified lighter
geometry and compare the results with the initial prototype. The geometric dimensions of the modified model
are kept the same as in the initial prototype, which are summarized in Table 3. The 3-D representation of the
modified model is shown in Figure 9. Torque-speed characteristics of the modified geometry calculated using
3-D FE simulations are depicted in Figure 10. Torque-speed characteristics of the initial prototype are also
plotted to investigate the variations in torque with changing polarity of the magnets and elimination of the
cylindrical back-core section. It can be understood from the figure that by changing magnet directions, the
produced braking torque of the eddy current brake is significantly increased. Furthermore, a cylindrical steel
section can be eliminated from the model. Hence, the production cost of the brake is reduced.

Table 3. Main dimensions of the modified design.

Copper disk diameter
Copper disk thickness
Steel diameter
Steel thickness
Air-gap clearance
Magnet dimensions
Number of poles
1004

34 mm
1 mm
44 mm
1.5 mm
0.5 mm
3 × 3 × 6 mm
10

TARVIRDILU-ASL et al./Turk J Elec Eng & Comp Sci

Torque (m N.m.)

60
modified brake

40
30
20
10
0
0

Figure 9. Modified design, exploded view.
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50

200
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Figure 10. Torque-speed characteristics of both initial
and modified eddy current brakes.

3. Parametric optimization
It is desired to optimize the design of this eddy current brake to achieve the desired braking torque-speed
characteristic (see Table 4) while the total weight of the brake is minimized. A gear box with the ratio of
1:122 is used to couple the mechanical system, and a damping coefficient of 0.013 m Nm/rpm is desired by the
application.
In this study, the optimization is performed using 3-D FE simulations. However, as optimizations with
3-D FE simulations are time-consuming, the FE model has to be converted into its simplest form to reduce
the calculation time for each iteration. For this purpose, a symmetric and parametric 3-D model of the eddy
current brake is created, which includes only one pole of the brake as shown in Figure 11. The design inputs
of the optimization algorithm and the corresponding minimum and maximum values are summarized in Table
5. Magnet to pole pitch ratio determines the portion of one pole pitch, which is covered by the magnet. For
example, in a 10-pole brake, pole pitch is 36 degrees. If the magnet covers 3.6 degrees of one pole pitch, then
magnet to pole pitch ratio will be 0.1. There are some design parameters limited by the manufacturer and
mechanical constraints, such as copper diameter (32 mm), air-gap clearance (0.5 mm), and core thickness (1.5
mm). It has to be added that simulation results reveal that even for the largest magnet (see Table 5), core
thickness of 1.5 mm is completely enough to provide the required flux path.
The genetic algorithm (GA) optimization method is used for the optimization, as it has better performance

Table 4. Desired torque-speed characteristics.

Speed
Desired braking torque

Point-A
935 rpm
12.2 mNm

Point-B
1627 rpm
21.2 mNm
1005
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Figure 11. 3-D symmetric representation of eddy current brake with pole symmetry.
Table 5. Variables used in optimization process and their ranges.

Variable
Magnet to pole pitch ratio
Magnet height (mm)
Magnet length (mm)
Copper width (mm)
Number of poles

Min
0.05
1.5
3
0.5
8

Max
0.4
3
6
2
18

in discrete systems compared to deterministic optimization algorithms. The GA is categorized as one of the
powerful evolutionary optimization algorithms. Because the objective function has many local optimums in
this study, using derivative-based optimization methods is not suitable, and the GA, which is a derivative-free
algorithm, is utilized. The GA creates a set of individuals (populations) in each generation. Based on the
objective function values for all the populations in each generation, the GA creates the next generation and the
objective function values are calculated for the new generation. The procedure is repeated until the stopping
criterion is met.
In order to carry out the optimization procedure, MATLAB and Maxwell software are coupled together.
In each iteration, MATLAB calls the Maxwell software twice to carry out the FE simulation at 935 rpm and
at 1627 rpm, and the braking torque is calculated for each speed. Total mass of the eddy current brake
including magnets, copper, and core mass is calculated analytically for each design. The objective function of
the optimization is defined as the summation of the least square error between the calculated torques at each
rotational speed and the corresponding desired braking torques and total mass of the eddy current brake as
shown in Eq. (4).
Obj(x) = k1 ((T1 − 12.2)2 + (T2 − 21.2)2 + k2 (Mcu + Mcore + Mmagnet )

(4)

T1 and T2 stand for developed braking torques at 935 rpm and 1627 rpm, respectively. Mcu , Mcore , and
Mmagnet represent copper disk mass, upper and bottom core section mass, and magnet mass, respectively.
Coefficients k1 and k2 are determined based on the variation range of least square error between torques and
total mass of the brake. Least square error between the desired and the obtained torques varies in a wide range
1006
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and it is aimed to make it converge to zero at the end of the optimization process. At first, the optimization
algorithm tries to satisfy the torque characteristic. Once it is satisfied, in the further generations the difference
in mass becomes more dominant. Once one iteration is completed for each design in the current generation, the
optimization proceeds to the next generation. It is found that the optimization usually converges in less than
15 generations with a population of 40. The flowchart given in Figure 12 describes the optimization process.
start

Define optimization variables
Determine number of populations
Determine stopping criterion for GA
GA creates populations of the first
generation

MATLAB calls FEM-based
software to solve the generation

GA creates new
populations for next
generation

No
Is
stopping
criterion
met?
Yes

The geometry is solved at two
speed points in FE environment

Braking torque is calculated and
exported to MATLAB at two speed
points

Eddy current brake mass is calculated in
MATLAB

Objective function is
calculated

end

Figure 12. Flowchart of optimization algorithm (GA).

4. Optimization results
In order to show the convergence process of the optimization problem, variation of the objective function, least
square error between the desired and calculated torques, and total mass of the brake are plotted versus number
of generations (Figure 13). Each circle in the figure shows the value of the corresponding function for each
individual design. Rapid convergence of the optimization problem can be easily distinguished from the figure.
Variation of objective function, its magnified view, and the least square error over generations are given in
Figures 13a, 13b, and 13c, respectively. It can be understood from Figure 13d that total mass of the optimized
eddy current brake converges to a minimum value of 31.1 g. It has to be mentioned that although there are
designs with lower weight than that value, the objective function has a larger value for these designs. In other
words, the least square error between calculated and desired braking torques is higher in these populations, so
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these designs are not desirable. Figure 13e represents the convergence process of the optimization algorithm to
the desired torque at 1627 rpm. It can be observed that the calculated torque values of individual populations
are concentrated around the desired value after just a few generations.
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6
8
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14
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Figure 13. Optimization algorithm process: a) objective function (normal view), b) objective function (magnified
representation), c) least square error, d) total mass, e) convergence of the optimization to the desired torque (21.2 mNm)
at 1627 rpm. Red points show the best design in each generation.

Using the GA optimization, the optimum design parameters are obtained and are presented in Table
6. Total mass of the optimized eddy current brake is calculated as 31.1 g. The mass of components in the
optimized design is compared with the initial prototype in Table 7. There is approximately 56% reduction in
total mass and 59% reduction in volume compared to the initial prototype. The magnet size is 1.7 × 2.5 × 4.7
mm as shown in Figure 14.
In Figure 15 the developed torque speed characteristics of the optimized eddy current brake are shown
at three different temperature levels (–30 ◦ C, 20 ◦ C, and 80 ◦ C). Moreover, the desired braking torque points
1008
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Table 6. Design parameters of the optimum design.

Magnet to pole pitch ratio
Magnet height (mm)
Magnet length (mm)
Copper width (mm)
Number of poles

0.3
1.7
4.7
0.66
12

Table 7. Mass and volume comparison of the initial and the optimized design.

Total mass (g)
Outer diameter (mm)
Axial length (mm)
Volume (cm3 )
Copper mass (g)
Magnet mass (g)
Core mass (g)

Initial design
70.7
47
11
19.1
8.1
8.1
54.5

Optimized design
31.1
35
8
7.7
4.8
3.6
22.7

Diff.(%)
–56
–25
–26
–59
–41
–55
–58

Magnet width
2.51 mm
Magnet height
1.7 mm

Magnet length
4.7 mm

Figure 14. Optimized magnet dimensions.

at 20 ◦ C are also depicted in this figure. Finally, torque-speed characteristics of the optimized eddy current
brake are compared to that of the initial brake at 20 ◦ C. The results are presented in Figure 16. The desired
braking torques are also shown in the figure. It can be observed that the desired braking torque points coincide
with the torque-speed curve of the optimized brake at 20 ◦ C.
The optimized eddy current brake has a linear torque-speed characteristic, as expected. Moreover,
discrepancies between developed braking torques of the optimized eddy current brake and the desired values are
around 1.5%. Considering the weight reduction and the accuracy of producing braking torque, the optimized
is a much better design than the initial prototype.
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Figure 15. Torque-speed characteristics of the optimized
eddy current brake at three different temperatures.
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Figure 16. Torque-speed characteristics of both optimized and existing eddy current brakes at 20 ◦ C.

5. Conclusion
In this paper, an axial flux eddy current brake is optimally designed to be used in a specific aerospace application.
As the mass reduction is determined as the most critical factor, a multiobjective design optimization procedure
is developed to determine an optimum eddy current brake with minimum weight, capable of developing a specific
torque-speed characteristic. For this purpose, a parametric and symmetric 3-D FE model is created to model
the initial 10-pole eddy current brake prototype. Validity of the model is investigated by comparing simulation
results to measurements. It is shown that the variations in the copper disk’s resistivity due to temperature rise
can be a significant factor for discrepancies between FEA simulations and experimental results.
The initial eddy current brake is modified by eliminating the cylindrical core section and changing the
magnetization direction of the magnets. As a result, the developed braking torque is almost doubled while
the total weight is reduced. The modified geometry is then used for optimization purposes. Finally, a genetic
algorithm optimization is carried out to search for the optimum geometry and pole combination of the eddy
current brake to develop a specific torque-speed characteristic while total mass is minimized. The 12-pole
optimized brake is simulated using 3-D FE simulations to verify the optimization results. Simulation results
reveal that the optimally designed model is capable of developing the desired torque-speed characteristics with a
negligible (around 1.5%) error. Besides, there is 56% reduction in total mass and an approximate 60% decrease
in the volume, which is a significant advantage for the optimum design to be used in aerospace applications.
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